In Drosophila and several other metazoan organisms, there are two genes that encode related but distinct homologs of ADA2-type transcriptional adaptors. Here we describe mutations of the two Ada2 genes of Drosophila melanogaster. By using mutant Drosophila lines, which allow the functional study of individual ADA2s, we demonstrate that both Drosophila Ada2 genes are essential. Ada2a and Ada2b null homozygotes are late-larva and late-pupa lethal, respectively. Double mutants have a phenotype identical to that of the Ada2a mutant. The overproduction of ADA2a protein from transgenes cannot rescue the defects resulting from the loss of Ada2b, nor does complementation work vice versa, indicating that the two Ada2 genes of Drosophila have different functions. An analysis of germ line mosaics generated by pole-cell transplantation revealed that the Ada2a function (similar to that reported for Ada2b) is required in the female germ line. A loss of the function of either of the Ada2 genes interferes with cell proliferation. Interestingly, the Ada2b null mutation reduces histone H3 K14 and H3 K9 acetylation and changes TAF10 localization, while the Ada2a null mutation does not. Moreover, the two ADA2s are differently required for the expression of the rosy gene, involved in eye pigment production, and for Dmp53-mediated apoptosis. The data presented here demonstrate that the two genes encoding homologous transcriptional adaptor ADA2 proteins in Drosophila are both essential but are functionally distinct.
In Drosophila and several other metazoan organisms, there are two genes that encode related but distinct homologs of ADA2-type transcriptional adaptors. Here we describe mutations of the two Ada2 genes of Drosophila melanogaster. By using mutant Drosophila lines, which allow the functional study of individual ADA2s, we demonstrate that both Drosophila Ada2 genes are essential. Ada2a and Ada2b null homozygotes are late-larva and late-pupa lethal, respectively. Double mutants have a phenotype identical to that of the Ada2a mutant. The overproduction of ADA2a protein from transgenes cannot rescue the defects resulting from the loss of Ada2b, nor does complementation work vice versa, indicating that the two Ada2 genes of Drosophila have different functions. An analysis of germ line mosaics generated by pole-cell transplantation revealed that the Ada2a function (similar to that reported for Ada2b) is required in the female germ line. A loss of the function of either of the Ada2 genes interferes with cell proliferation. Interestingly, the Ada2b null mutation reduces histone H3 K14 and H3 K9 acetylation and changes TAF10 localization, while the Ada2a null mutation does not. Moreover, the two ADA2s are differently required for the expression of the rosy gene, involved in eye pigment production, and for Dmp53-mediated apoptosis. The data presented here demonstrate that the two genes encoding homologous transcriptional adaptor ADA2 proteins in Drosophila are both essential but are functionally distinct.
The ADA genes (encoding ADA1, ADA2, ADA3/NGG1, GCN5/ADA4, and SPT20/ADA5) were defined genetically in yeast (Saccharomyces cerevisiae) on the basis of the finding that mutations affecting them confer resistance to toxicity mediated by high-level expression of the GAL4-VP16 fusion protein (7) . Yeast ADA proteins play a role in transcriptional initiation site selection, interact with basal transcription factors, and facilitate the acetylation of nucleosomal histones as components of ADA/GCN5 histone acetyltransferase (HAT) complexes. For yeast, at least three distinct ADA2-containing multisubunit complexes regulating transcriptional activation have been identified, namely, A2, ADA, and SAGA (15, 32) . These complexes have multiple, distinct functions leading to gene-specific transcription activation. ADA2 has been suggested to have an essential role in these complexes by participating in the recruitment of basal transcription factors, the stabilization of interactions with acidic activation domains, and potentiation of the HAT activity of GCN5 (1, 3, 5) . ada2 is not essential for yeast viability but is involved in rapid transcriptional responses to environmental signals (43) . Yeast ada2 mutants grow slowly in minimal medium and are cold and heat sensitive.
Recently, several groups have reported that the Drosophila genome contains two distinct genes encoding ADA2 homologs (19, 24) . Biochemical characterization of the two ADA2 proteins demonstrated that both of them interact with the HAT GCN5 and participate in transcription activation. On the other hand, ADA2a and ADA2b exhibit marked differences, e.g., they participate in distinct high-molecular-weight HAT-containing protein complexes, localize to different chromosomal loci, and have at least partly different partners of interaction (19, 24) . Two different ADA2 homologs encoded by two distinct genes have been found not only in Drosophila but also in Arabidopsis and several vertebrate genomes (6, 24, 35) . While Drosophila ADA2a and ADA2b are more similar to human Ada2a (hAda2a) and hAda2b, respectively, both ADA2s of Arabidopsis resemble ADA2a of Drosophila more than ADA2b (24) . T-DNA insertion mutations of one of the Ada2 genes (Ada2b) in Arabidopsis have been found to exert pleiotropic effects on plant growth and development, including dwarf size, aberrant root development, and short petals and stamens in the flowers. Furthermore, Ada2b mutant plants are tolerant of freezing (41) . Functional differences between the two human ADA2 proteins, Ada2␣ and Ada2␤, have recently been reported (6) . Ada2␣ was found to be a stable component of the human PCAF-containing HAT complex. In contrast, Ada2␤ appeared not to be a stable component of PCAF-or Gcn5-containing macromolecular complexes, but interacted with subunits of the Swi/Snf chromatin-remodeling complex (6) .
ADA2-containing complexes of yeast and humans have been shown to participate in gene-specific transcription activation by several sequence-specific transcription factors (4, 5, 8, 23, 33) . Among others, the transcription-activating activity of the tumor suppressor p53 requires the ADA2/ADA3/GCN5 adaptor complex in yeast (42) . hADA3 and p53 interact physically in human cells, and an appropriate hADA3 function is essential for the full transcriptional activity of p53 and for p53-mediated apoptosis (42) . A p53 homolog was recently identified in Drosophila (Dmp53) (10, 25) . Although Dmp53 displays low similarity to its human counterpart in its amino acid sequence, structural similarity in the domain structures of human and Drosophila p53 proteins and functional homology between them clearly exist. An interaction between Dmp53 and the Drosophila ADA2b protein, but not ADA2a, has also been revealed by in vitro pull-down experiments (19) . Dmp53 induces apoptosis in response to genotoxic stresses by transactivating proapoptotic target genes through specific response elements in their promoters. Interestingly, the response elements to which Dmp53 binds are similar or identical to those recognized by mammalian p53 (10) . However, unlike its mammalian homolog, Dmp53 does not induce cell cycle arrest (25, 34) . One of the best-characterized transcriptional targets of Dmp53 is the enhancer and promoter of the reaper (rpr) gene, which is highly responsive to Dmp53 activation (10, 34) . In a number of cases, however, Dmp53-induced apoptosis has been demonstrated in the absence of or independently of rpr, and it is therefore reasonable to assume that proapoptotic targets other than rpr also play important roles in Dmp53 function (11, 17, 28) .
In this paper, we describe mutations and transgenes which facilitate analyses of the functions of the individual Ada2 genes of Drosophila. An analysis of the Ada2 mutants shows that the two Ada2 genes of Drosophila are functionally distinct, and the ectopic expression of one cannot substitute for the loss of function of the other. Furthermore, the two Ada2 genes have different effects on nucleosomal H3 acetylation, TAF10 localization, eye pigment formation, and Dmp53-mediated processes. The data obtained by analyzing Ada2 mutants suggest that ADA2-containing HAT complexes contribute to both basal and activator-induced H3 acetylation.
MATERIALS AND METHODS
Drosophila stocks, P-element mobilization, and genetic crosses. Fly stocks were raised and crosses were performed at 25°C on standard medium containing propionic acid. Stocks carrying a single P-element insertion in the Ada2b or Ada2a region of the third chromosome [EP(3)3412 and l(3)S096713, respectively] were kindly provided by the Szeged Drosophila Stock Center.
To mobilize P elements in the Ada2a and Ada2b regions, we crossed Pelement-carrying stocks with a TM3 ryRK Sb1 Ser1 P(delta2-3)99B/Df(3R)C7 ry506 transposase source (Bloomington 1808). Within the F 2 progeny, we scored for the loss of the miniwhite (w ϩmC ) marker and identified lethal mutations on the basis of no complementation being shown with the deficiencies Df(3R)P14 and Df(3R)CA1, which cover the ADA2a and Ada2b regions, respectively (http: //flybase.bio.indiana.edu). Lethal alleles affecting the Ada2a and Ada2b regions were sorted into complementation groups and characterized by molecular methods to find deletions in the Ada2a and Ada2b genes. One Ada2a (Ada2a d189 ) and three Ada2b (Ada2b d842 , Ada2b d272 , and Ada2b d52 ) alleles identified among the lethal jump-outs were used for the further analyses described here. ) is a dominant female-sterile mutation that disrupts the function of the germ line cells (18, 27) . Eclosing ϩ/Fs(1)K1237 females were analyzed individually by crossing with white 1118 males, and chimeras were isolated and kept for several days to identify the genotypes of the progeny.
To determine the roles of the Ada2a and Ada2b genes in imaginal disk and abdominal histoblast cells, somatic clones were generated (through X-ray-induced mitotic recombination) in both (2) .
Loss-of-heterozygocity (LOH) assays were carried out by scoring for the appearance of the recessive multiple wing hairs (Mwh) phenotype as reported earlier (34) . The genotypes used were mwh p53/TM6C control, mwh p53/ Ada2b d84 , and P[Dtl ϩ rpb4 ϩ ] mwh p53/Ada2a d189 . Late-third-instar (wandering) larvae were X-ray irradiated with 250 R (150 kV; 0.5-mm Al filter; 1,000 R/min). Every genetic combination was tested in two independent experiments, with each involving 8 to 15 wings.
To determine radiation-induced apoptosis in the wing imaginal disks, thirdinstar wild-type (w 1118 ), Ada2b mutant (Ada2b d842 and Ada2b d52 ) and Ada2a mutant (P[Dtl ϩ Rpb4 ϩ ] Ada2a d189 ) larvae were X-ray irradiated at 4,000 R (150 kV; 0.5-mm Al filter; 1,000 R/min), left to recover for a 4-h period, and then dissected. Wing imaginal disks were incubated in a 1.6-g/ml acridine orange (AO) solution for 5 min at room temperature, washed three times for 5 min each time with phosphate-buffered saline, and mounted in phosphate-buffered saline. The stained cells were counted under a fluorescence microscope. At least three independent experiments, each involving 8 to 12 disks, were performed for every genetic combination.
Transgene construction and other molecular biology techniques. Ada2a ϩ and Ada2b ϩ transgenes were constructed by inserting cDNAs or genomic DNA fragments into pUAST (9) and pCaSpeR4 (39), respectively. Plasmid pCaSpeR4-Dtl ϩ Ada2a ϩ Rpb4 ϩ carries a 7.1-kb KpnI-XbaI genomic fragment (from positions Ϫ3200 to ϩ3919 with respect to the Ada2a translation start site) (Fig. 1) . Three modified versions of the above plasmid are pCaSpeR4-Ada2a ϩ Rpb4 ϩ , pCaSpeR4-Dtl ϩ Ada2a ϩ , and pCaSpeR4-Dtl ϩ Rpb4 ϩ . The first has a 3.2-kb deletion in the Dtl region, generated by the elimination of an XbaI-NaeI fragment (from positions Ϫ3919 to Ϫ658). The second was generated by NarI digestion and religation, which resulted in deletion of the Rpb4 coding region between ϩ2225 and ϩ3053. In the third plasmid, the Ada2a open reading frame is interrupted by a four-nucleotide insertion into an SpeI site at ϩ971, which results in a stop codon in Ada2a after amino acid 227 but does not interfere with RPB4 translation.
A 1,284-bp cDNA fragment encoding the ADA2b 1 protein was obtained by reverse transcription-PCR (RT-PCR) on Drosophila total mRNA, using the primers A2bRI (at Ϫ10) (numbers refer to the translation start site of Ada2b) and A2bBHI (at ϩ2519) (for the primer sequences, see Table 1 ). The PCR product was digested with EcoRI and BamHI and inserted into the EcoRI and BglII sites of pUAST to obtain pUAST-Ada2b 1 . From this plasmid, pUAST- Table 1) . pCaSpeR4-Ada2b g was constructed by insertion of the Ada2b genomic region from Ϫ593 to ϩ3197 into the KpnINotI sites of pCaSpeR4. The Ada2b genomic fragment was obtained by PCR amplification using the primers A2bgenF (at Ϫ593), A2bgeneL (at ϩ630), A2b3F (at ϩ1716), and DNApol5R (at ϩ3197) ( Table 1) .
For the RT-PCR detection of rosy (ry), scarlet (st), and rpL17A transcripts, mRNAs were prepared from Ada2a, Ada2b, and wild-type wandering larvae and Ada2b and wild-type control animals 10 h after the white-pupa stage (P5), using Tri-reagent (Sigma). RT reactions were performed with Moloney murine leukemia virus reverse transcriptase (Sigma). The primers used for PCR amplifications were st F-st R (353 bp/467 bp), ry F-ry R (427 bp/708 bp), and L17A F-L17A R (268 bp/854 bp) (the sizes of the specific products from cDNA and genomic DNA templates, respectively, are given) ( Table 1) .
To detect mRNAs corresponding to Ada2b 1 and Ada2b 2 , primers AbNco, AbRIBH, and A2bBHI (Table 1) were used, which resulted in amplification of the 290-bp and 224-bp products specific for Ada2b 1 and Ada2b 2 , respectively. Descriptions of the PCR primers used to map deficiencies generated within the Ada2a and Ada2b regions are available upon request. Southern hybridizations were performed according to standard protocols. To detect changes in mRNA levels in wild-type versus Ada2b d842 mutants, total RNAs isolated from white pupae were analyzed by using Affymetrix Drosophila GeneChip arrays. Three independent pairs of samples of Ada2b and wild-type pupae were compared on six chips, and induction values relative to the basal levels are reported.
For the quantitative determination of rpr and rosy mRNAs, total RNAs were isolated with Tri-reagent (Sigma) according to the manufacturer's instructions. First-strand cDNAs were synthesized from 1 g RNA, using TaqMan reverse transcription reagent (ABI). The relative abundance of rpr mRNA was quantified by quantitative RT-PCR (ABI Prism 7300), using TaqMan probes specific for rpr and for 18S rRNA as a control. The primers and probes for rpr mRNA and 18S rRNA were as follows: rprFw, rprRev, rpr probe, 18Fw, 18Rev, and 18 probe (Table 1) . C T values were set against a calibration curve ranging over 2 orders of magnitude.
The extents of H3 and H4 acetylation in Ada2 mutant and wild-type animals were compared via the staining of polytene chromosomes obtained from the salivary glands of wandering larvae. Ac-H3 K14-, Ac-H3 K9-, and Ac-H4 K8-specific antibodies were purchased from Upstate. Mouse anti-Pol II (7G5) and anti-dTAF10 (TAF24) antibodies were raised against specific peptides as previously reported (14) . The secondary antibodies were Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin and Alexa Fluor 555-conjugated goat antirabbit immunoglobulin. Polytene chromosome preparation and immunostaining were performed by previously published methods (29) .
RESULTS

Characterization of Drosophila Ada2a and Ada2b mutations.
The Ada2a and Ada2b genes of Drosophila are located in the 90F10 and 84F5 cytological regions, respectively. Interestingly, both genes give rise to at least two protein products: Ada2a directs the synthesis of the ADA2a coactivator and the RNA Pol II subunit RPB4 mRNAs by alternative splicing (24) , while Ada2b produces two related transcripts, encoding ADA2b 1 and ADA2b 2 , which are identical in their N-terminal 330 amino acids but differ in their C-terminal ends ( Fig. 1 ). Significant homology between ADA2a and ADA2b proteins exists only in their N-terminal regions, which are present in both ADA2b proteins. The RT-PCR detection of Ada2b messages by using primers permitting the detection of both forms indicates no apparent differences in the ratios of the two messages at different stages of Drosophila development (data not shown).
In order to facilitate functional studies of the two Ada2 genes of Drosophila, we generated Ada2a and Ada2b mutations by remobilizing P elements localized close to the 5Ј ends of these genes. In the l(3)S096713 and EP(3)3412 lines, a P element is located 107 bp and 87 bp upstream of the transcription start sites of Ada2a and Ada2b, respectively (Fig. 1) . The phenotype of l(3)S096713 homozygotes is larval lethal, while EP(3)3412 homozygotes are viable. By remobilizing the P element in l(3)S096713, we generated the deletion 189 (Ada2a d189 ), which removed nucleotides ϩ107 to Ϫ613 of Ada2a (the numbering refers to the transcription start site of Ada2a). Ada2a d189 homozygotes and Ada2a d189 /Df(3R)P14 (see Materials and Methods) heterozygotes are L1 lethal. Remobilization of EP(3)3412 resulted in the Ada2b alleles Ada2b d842 , Ada2b d272 , and Ada2b d52 , which have deficiencies extending from the promoter region of Ada2b into the first intron, the second exon, and beyond the coding region into the adjacent gene, DNApol-iota, respectively (Fig. 1) Since an imprecise jump-out of P elements might affect additional functions of Ada2a and Ada2b and since RPB4 is also produced from the Ada2a region via alternative mRNA splicing, we used transgenes to verify the Ada2 mutations and functionally dissect the Ada2a and Ada2b regions. A 7.1-kb genomic fragment (pCaSpeR4-Dtl ϩ Ada2a ϩ Rpb4 ϩ ) (Fig. 1 and Ada2b d272 / Ada2b d52 mutants) complete larval life and pupate like their heterozygous siblings. However, 77% of them perish at P5 and only 23% reach the pA stage, when a differentiated adult head, legs, and wings are clearly visible. The expression of either of the forms of Ada2b cDNAs or their combination resulted in partial rescue; 25% of the transgene-carrier animals also carrying an actin promoter-GAL4 driver completed normal development and emerged as adults. The rest died as pharate adults. A genomic fragment carrying the entire Ada2b coding region and 400 bp of its 5Ј region (pCaSpeR-Ada2b g ), however, resulted in complete rescue, implying that pupal lethality is a consequence of a lack of the Ada2b function. The penetrance of Ada2b mutations, similarly to that of Ada2a mutations, is 100%: no Ada2b or Ada2a animals emerged as adults during this study.
RT (26) indicated that both Ada2 genes have transcription regulatory regions extending Ͻ100 bp upstream from the transcription initiation sites. Therefore, we believe that the deletions d189, d842, and d272 d52 removed the promoters and parts of the 5Ј regions of Ada2a and Ada2b, respectively, and can consequently be considered null alleles of the corresponding genes.
Ada2a Ada2b double mutants generated by recombination have a phenotype identical to that of the Ada2a mutants; most of the animals die in the third larval stage or several days later as prepupae. Neither the ectopic expression of the ADA2b protein in the Ada2a mutants nor the Ada2a ϩ transgene in the Ada2b mutants changed the phenotype, suggesting that the two proteins cannot substitute for each other; thus, the homologous ADA2 proteins have specific functions.
Analysis of Ada2 germ line and somatic mosaics. . The resulting adult females were analyzed for the ability to lay eggs and dissected to assess the differentiation of the egg primordia in them. Fourteen host embryos received germ line cells and developed into adult females that were able to lay eggs, but none of them had the Ada2a d189 /Df(3R)P-14 germ line. The dissection of 42 more females which did not lay eggs revealed no signs of oogenesis progressing further than was characteristic for ovo D1 /ϩ females (P Ͻ 0.05). This result clearly shows that the function of the Ada2a gene is required in the female germ line. To assess the requirements of ADA2a and ADA2b in somatic cells, we generated somatic mosaics by X-ray irradiation-induced mitotic recombination and recorded the appearance of the bristle morphology determined by the Ki ϩ marker (13 clones at imaginal disk (head, notum, legs, and wing margin)-and histoblast-derived structures of the abdomen (tergites and sternites) since the two cell types display different proliferation dynamics (37) . The results of the clonal analysis are summarized in Table 2 . On disk-derived body parts, Ki ϩ /Ki ϩ , i.e., Ada2a d189 /Ada2a d189 (or Ada2b d842 /Ada2b d842 ), clones developed as frequently as those in the control, but they grew significantly smaller than those in the control (P Ͻ 0.01; Table 2 ). In contrast, on the abdomen the Ada2a and Ada2b clones were as large as those in the control ( Ada2a and Ada2b products play different roles in histone acetylation and exert different effects on TAF10 localization on polytene chromosomes. Yeast ADA2 participates in several chromatin-modifying complexes and potentiates GCN5 HAT activity. Since one of the primary targets of GCN5 is lysine 14 of nucleosomal H3 (16), we were interested in determining the effects of Ada2a and Ada2b mutations on H3 acetylation. The immunostaining of polytene chromosomes of late-third-instar larvae with an acetylated K14 H3-specific monoclonal antibody indicated a decreased level of H3 K14 acetylation in Ada2b mutants, while we could not detect any changes in H3 K14 acetylation in Ada2a null mutants (Fig. 2) . The extensive role played by Ada2b in H3 K14 acetylation is clear from a comparison of the staining intensities of chromosomes obtained from Ada2b and wild-type animals (the latter can be easily identified from the morphology of the balancer chromosomes) that were stained and photographed together in mixed preparations (Fig. 2, inset ). An overall decrease in the level of chromosome staining, without clear differences in the staining pattern of Ada2b chromosomes, is obvious compared with wild-type chromosomes. Similar to H3 K14 acetylation, H3 K9 acetylation is also decreased in Ada2b mutants (Fig. 2) . In contrast, Ada2a mutations have no detectable effect on either H3 K14 or H3 K9 acetylation (Fig. 2) , and anti-acetylated H4 lysine 8 antibody gives comparable signals on wild-type, Ada2a, and Ada2b polytene chromosomes (Fig. 2) . It should be noted, however, that in Ada2a mutants the structure of the polytene chromosomes is altered and the banding pattern is often distorted (Fig. 3A) . Whether the altered chromosome structure results from the loss of the Ada2a function specifically or is a more general effect of the retarded development of Ada2 animals at a late larval stage is unclear.
The loss of H3 K14/K9 acetylation in the Ada2b mutants is in accord with our biochemical separation and coimmunoprecipitation results, which indicated that ADA2b is part of the 1.8-MDa TFTC-like complex, together with the GCN5 HAT, while ADA2a is associated with a lower-molecular-weight complex (24) .
Moreover, in the TFTC-like complex, ADA2b was found to be associated with TAF10, while in the ADA2a-containing complex, TAF10 was absent (24) . Thus, we set out to determine whether in vivo mutation in either Ada2b or Ada2a would influence the binding of TAF10 to polytene chromosomes. A comparison of the immunolocalization patterns of TAF10 on polytene chromosomes of wild-type and Ada2a and Ada2b mutant third-instar larvae revealed the complete and reproducible loss of a few chromosomal bands (two to four per chromosome) in the Ada2b mutants (Fig. 3D ). In addition, weaker labeling was observed in the Ada2b mutants at many other sites (data not shown, but see Discussion). The introduction of an Ada2b ϩ transgene into Ada2b animals restored a staining pattern of polytene chromosomes identical to that seen in wild-type animals, providing further evidence that the loss of TAF10 localization at these sites resulted from ADA2b depletion (Fig. 3D) . In contrast, no significant changes were observed in Ada2a null mutants. Overall, these in vivo results indicate that Ada2a and -b exert different influences on the general histone acetylation observed on polytene chromosomes, and in agreement with the in vitro results, suggest that ADA2b, GCN5, and TAF10 can function together.
Ada2a and Ada2b differ in their effects on eye pigment formation. A functional difference between the two ADA2 proteins of Drosophila was suggested on the basis of their interactions with Dmp53, since in immunoprecipitation experiments ADA2b coprecipitated with Dmp53 while ADA2a did not (19) . To extend these studies, we tested genetic interactions between the Ada2 genes and Dmp53. The ectopic expression of Dmp53 in the developing eye of Drosophila results in apoptosis, as observed with the rough eye phenotype of adult animals (21) . The loss of function of factors which enhance or inhibit the Dmp53 function is expected to suppress or enhance the phenotype, respectively. To obtain a quantitative measure of the interplay of Dmp53 and ADA2a or -b, we determined the eye pigment contents of animals carrying one copy of a Dmp53 ϩ transgene ectopically expressed in the eye in the Ada2a/ϩ and Ada2b/ϩ backgrounds. A comparison of the pigment contents of Ada2 heterozygotes and wild-type animals indicated that Ada2b mutation affected the pigment contents of the eyes of adult animals, while Ada2a mutation did not (Fig. 4A) . Surprisingly, however, this effect was independent of Dmp53; the formation of red eye pigment in Ada2b heterozygotes was significantly reduced both in the presence and in the absence of ectopically expressed Dmp53. In concert with this, the mRNA level of rosy, a gene encoding xanthine dehydrogenase, which is involved in the formation of red eye pigments, exhibited a significant reduction in Ada2b mutant animals compared to wild-type animals ( Fig. 4B to E) , while the expression of rosy did not change in Ada2a null animals. In some experiments with Ada2b mutants, we also observed, though to a lesser extent, a decrease in the expression of scarlet, another gene involved in pigment formation (Fig. 4E and data not shown) . This suggests that ADA2a and -b are differentially involved (directly or indirectly) in the transcriptional regulation of the rosy and scarlet genes. Indeed, preliminary data from chromatin immunoprecipitation experiments indicated that ADA2b is present at the promoter region of the rosy gene in S2 cells (data not shown).
Ada2a and Ada2b differentially affect Dmp53 function. The rough eye phenotype arising from induced apoptosis is only one of a number of possibilities permitting the testing of Dmp53 functions in Drosophila. LOH assays are established means of demonstrating the role played by Dmp53 in preserving genome stability. We carried out LOH assays based on detection of the recessive multiple wing hairs (Mwh) phenotype revealed by the loss of the wild-type copy of mwh. Latethird-instar larvae heterozygous for Dmp53 and the mwh mutation and either wild-type or heterozygous for Ada2a or Ada2b were irradiated with a low-level X-ray dose (250 R). Cells which have lost the wild-type copy of mwh display the recessive Mwh phenotype, which is easily recognizable and can be scored on the wings. The numbers of mwh clones obtained following X-ray treatment were strikingly different for Dmp53 ϩ/ϩ Ada2a and Dmp53 ϩ/ϩ Ada2b animals (Fig. 5) . For Ada2a heterozygotes, the frequency of clones was similar to that seen with wild-type animals. In contrast, Ada2b heterozygotes exhibited substantially elevated numbers of mwh cells under conditions that had no effect on wild-type flies or Ada2a heterozygotes. This result clearly demonstrates that ADA2b, unlike ADA2a, is involved in the pathway induced by Dmp53 to preserve genomic stability in response to DNA damage induced by low-level X-ray radiation.
The Dmp53 function is also essential for radiation-induced apoptosis. DNA damage leads to Dmp53 activation, which through the transcriptional activation of proapoptopic factors brings about apoptosis. In order to test whether Ada2 functions are required for this process, we X-ray-irradiated wild-type and Ada2 mutant third-instar larvae, and after a 4-h recovery period, dissected wing imaginal disks and subjected them to staining with the vital stain AO. Staining of disks from larvae ectopically expressing Dmp53 in the eye disks showed that under the conditions used, AO specifically stained cells undergoing apoptosis (data not shown). Radiation with 4,000 R induced apoptosis in the disks of wild-type animals. For Ada2a mutants, and more extensively for Ada2b mutants, the number of cells undergoing apoptosis was significantly lower than that in wildtype animals (Fig. 6 ). For both tested Ada2b alleles (Ada2b d842 and Ada2b d52 ), the number of AO-stained cells was significantly decreased. The introduction of the Ada2b g transgene into Ada2b null animals restored apoptosis to the level seen in the wild type (Fig. 6 ), indicating that the decreased level in Ada2b mutants was a result of ablation of the Ada2b function. To test whether Ada2b mediates Dmp53 functions by altering rpr transcription (see the introduction), we compared the rpr mRNA levels in wild-type and Ada2 mutants. Interestingly, high-dose (4,000 R) X-ray irradiation, which resulted in a decrease in apoptosis in wing imaginal disks, induced the rpr wild-type (3a, 3b, and 4) 2L chromosomes stained for H3AcK14 (red) and Pol II (1b, 2, 3b, and 4; green). H3AcK14 staining in both wild-type and Ada2b mutants is colocalized mostly, but not exclusively, with bands, while Pol II immunostaining is colocalized with interband regions. The asterisks and arrowheads indicate bands exhibiting weak staining for H3AcK14 and colocalization of H3AcK14 and Pol II, respectively. (In order to allow a comparison of the Ada2b mutant and the wild type, images of H3AcK14-specific antibody-stained chromosomes are color enhanced.) (D) Localization of TAF10 in the 3R region of wild-type and Ada2 polytene chromosomes. Genotypes are indicated in the pictures. Ada2b* is a chromosome from an Ada2b homozygote carrying the Ada2b ϩ transgene. Arrows point to locations where TAF10 localization in the Ada2b mutant is lost. higher eukaryotes can be expected to exhibit an even broader functional versatility, underscored by their structural diversity (40) . Biochemical studies of ADA2-containing Drosophila and human HAT complexes support this assumption and suggest functional differences between complexes built up from similar, but often distinct, building blocks or modules (19, 24) . However, a full exploration of the extent of functional diversity of coactivator complexes resulting from the subtle alterations in their compositions requires a combination of powerful in vivo assays with biochemical and genetic approaches. As a step toward this goal, we report here the functional in vivo analysis of the two Ada2 genes of Drosophila and their corresponding protein products. The two ADA2 proteins of Drosophila melanogaster are encoded by genes located at different regions of the third chromosome. Our results did not indicate a concerted regulation of the expression of the two Ada2 genes. It is noteworthy that both Ada2 genes have short 5Ј regulatory regions with no obvious similarities which would suggest the presence of binding sites for common transcriptional activators. Interestingly, both Ada2 genes give rise to a number of protein products. One of the mRNAs of Ada2a encodes the fourth largest subunit of RNA Pol II (RPB4). An RPB4 mutation in S. cerevisiae results in a cold-sensitive phenotype, while an RPB4 deficiency in Schizosaccharomyces pombe is lethal (31) . In Drosophila, the lack of RPB4 causes early larval lethality, as indicated by animals carrying mutations in the Ada2a and Rpb4 genes and a transgene providing Ada2a function. The losses of ADA2a and RPB4 have sharply different consequences, as demonstrated by the first-larval and third-larval lethal phenotypes of the corresponding null mutants, despite the fact that the two mRNAs arise from one transcription unit regulated by the same promoter (24) . This suggests that a posttranscriptional regulatory mechanism(s) plays a role in governing ADA2a and RPB4 mRNA production. In light of numerous independent observations that RPB4 is involved in several steps of transcription and mRNA processing (for a review, see reference 12), it is reasonable to assume that the loss of the function(s) performed by this polymerase subunit compromises life in an earlier stage of development than in the case of the loss of ADA2a. On the other hand, exhaustion of the maternal pools of ADA2a and RPB4 by different stages of development might also lead to the different phenotypes. In either case, the observation that Ada2a/Rpb4 cotranscription leads to different levels of mRNAs and expression of the two transcription reg- 2 production (data not shown). The functional equivalence of the two forms of ADA2b protein is indicated convincingly by the observation that ectopically expressed transgenes carrying cDNA fragments corresponding to either the Ada2b 1 or Ada2b 2 mRNA are equally effective at rescuing Ada2b mutations, and the two transgenes together produce a result identical to that produced by either alone. It is noteworthy that neither of the cDNAs containing Ada2b transgenes resulted in full rescue of the Ada2b mutant phenotype. Accordingly, it is possible that some function of Ada2b is missing from both cDNAs used. On the other hand, it is also conceivable that the GAL4-responsive promoter-driven pUAST transgenes produced the protein(s) at a level insufficient for full rescue. In contrast, a genomic fragment with the authentic Ada2b promoter resulted in complete rescue.
The Ada2a and Ada2b alleles we obtained by the remobilization of P elements inserted in the 5Ј regions of the corresponding genes are apparently null alleles. Improper P-element excision in the Ada2a d189 , Ada2b d842 , Ada2b d272 , and Ada2b d52 lines removed the promoter regions of the genes and substantial parts of the coding regions.
In contrast with the yeast ada2 mutation, which has a conditional phenotype (7), both Ada2 genes of Drosophila are essential. Ada2a and Ada2b mutants have well-defined and characteristic lethal phenotypes at specific stages of development, demonstrating the functional difference that exists between them. Since both ADA2 proteins of Drosophila have been shown to interact with GCN5, it is not surprising that Gcn5 mutations result in a phenotype similar to that furnished by Ada2a mutations (our unpublished observation; C. Antoniewsky [Pasteur Institute, France], personal communication). The phenotype of Ada2a Ada2b double mutants is identical to the more severe phenotype observed with the Ada2a null mutation, and ectopic expression of either of the ADA2 proteins does not change the phenotype observed in the absence of the other, indicating that they are unable to substitute for each other functionally. In light of these data, it is unlikely that the different consequences of Ada2a and Ada2b mutations are the results of different expression patterns of functionally identical proteins. The two ADA2 proteins of Arabidopsis are also believed to be functionally distinct, as the ectopic overexpression of Arabidopsis Ada2a did not complement Ada2b mutation (41) . Plants carrying a mutation of Ada2b display pleiotropic effects at several stages of plant development and infertility. Mutation of the Ada2a gene of Arabidopsis, however, has so far not been described.
An analysis of somatic mosaics indicated that both Ada2 functions of Drosophila are required for normal cell division. Ada2a or Ada2b homozygous cells do not die but cannot divide as many times as normal cells. The differences seen in the number and size of homozygous mosaics on different body parts can be explained by the different proliferation dynamics of imaginal disk and histoblast (abdominal precursor) cells:
imaginal disk cells proliferate throughout larval life, while histoblast cells grow in size, accumulate cell components, and divide only after the initiation of pupation. Consequently, the long persistence of normal Ada2 gene products permits normal proliferation of the Ada2a and Ada2b cells over the abdomen. An analysis of germ line mosaics indicated that Ada2a is indispensable in the female germ line. Qi et al. (30) recently reported that Ada2b homozygous germ cells are also arrested at an early stage of oogenesis.
Ada2a and Ada2b mutations affect H3 K14 and H3 K9 acetylation differently. Mutations of Ada2b which cause lethality in the late pupal stage result in a significant reduction of H3 K14/K9 acetylation (Fig. 2) , while a mutation of Ada2a which has a late-larval-early-pupal lethal phenotype has no obvious effect on this type of histone modification (Fig. 2) . Taken together, these observations are noteworthy for several reasons: they clearly demonstrate that the two ADA2 proteins have distinct functions, but with no indication that either ADA2 can substitute for the function of the other, and they further demonstrate that a reduced level of H3 K14/K9 acetylation (in the absence of ADA2b) does not interfere with development until the late larval stage. It is interesting that the loss of ADA2b, which is believed to be a component of various complexes with HAT activity, e.g., the SAGA/TFTC-like multiprotein complex(es), results in a later lethal phase than the loss of ADA2a, which participates in a smaller multiprotein complex(es). It is unlikely that the H3 K14/K9 acetylation observed in the late larval stage of Ada2b animals was due to a residual fraction of maternal ADA2b protein. It may rather be assumed that either HAT complexes other than SAGA/ TFTC (which do not require ADA2b) or SAGA/TFTC-like complexes (but with reduced activity in the absence of ADA2b) are responsible for H3 K14/K9 acetylation in Ada2b mutants. Recently, Qi et al. (30) reported an analysis of Ada2b mutants generated by remobilization of the same P element that we used for this study. With respect to the effect on H3 K9, H3 K14, and H4 K8 acetylation, the phenotypes of Ada2b mutants Qi et al. studied and those described here are identical.
The decreased level of H3 K14/K9 acetylation in Ada2b mutants does not affect the localization of RNA Pol II profoundly; polytene chromosomes of Ada2a, Ada2b, and wildtype animals display similar staining intensities with Pol IIspecific antibody (Fig. 2) . The distributions of K9 and K14 acetylated H3 along the polytene chromosome seem to be very similar, if not identical (Fig. 3B) . Fig. 3C demonstrates that Ac-H3 K14 colocalizes with bands, while Pol II is localized mostly to the interbands. In general, the staining pattern of Ac-H3 K14 parallels the banding pattern of unstained chromosomes, as if the distribution of Ac-H3 K14 were proportional to the DNA concentration (assuming that stronger bands represent highly compacted DNA). However, a careful comparison of native and stained chromosome preparations reveals that while the density and staining intensity correlate at many sites, in numerous cases they do not, and at some sites strong bands do not demonstrate intense staining with Ac-H3 K14 antibody (Fig. 3C) . Furthermore, the colocalization of Ac-H3 K14 and Pol II can be found in other regions, both in bands and at less condensed areas (Fig. 3C) . The band-interband distribution of Ac-H3 K14 and transcribed genes has also been observed by others (20, 29) . From these data, in view of Ada2a and Ada2b mutants also differ in that TAF10 localization at some, but not all, specific bands is lost in Ada2b null mutants. In contrast, the localization of TAF10 is not affected in Ada2a null mutants (Fig. 3D) . This is in agreement with the previous observation that ADA2b, but not ADA2a, participates in a SAGA/TFTC-type multiprotein complex(es) together with TAF10 and GCN5 (24) . This suggests that in certain complexes the presence of ADA2b is required for the incorporation of TAF10. In some cases, we observed that the labeling of TAF10 on the polytene chromosomes of Ada2b null mutants became weaker but did not disappear completely (data not shown). Since TAF10 was identified in both TFIID and TFTC complexes (14, 24) , it is conceivable that at these chromosomal locations the binding of TFTC-type complexes, but not that of TFIID complexes, has been abolished. The complete disappearance of some TAF10-labeled sites in the Ada2b null mutants, however, suggests that at these loci only the TFTC-type complexes play a role in chromatin remodeling and/or transcription initiation. Overall, these in vivo results further corroborate our in vitro result that ADA2b, GCN5, and TAF10 can function together in the same complex. In Ada2a mutants, neither H3 K14/K9 acetylation nor TAF10 localization is changed considerably, as indicated by an assessment of the staining of Ada2a polytene chromosomes compared with that of wild-type chromosomes. Ada2a mutation, however, greatly affects the general structure of polytene chromosomes (Fig. 3A) . We noted that Ada2a chromosomes are more fragile and that their banding pattern is often distorted, while we observed smaller puffs reflecting intensely transcribed regions on them. The cause of these morphological changes in the Ada2a chromosomes is at present unclear. It is interesting in this respect that the ADA2a protein has been shown to colocalize mostly with RNA Pol II in intensely transcribed interband regions (19) . The phenotypes of Ada2 mutations and their effects on histone modification and TAF10 localization corroborate previous biochemical data indicative of functional differences between the two ADA2 proteins (19, 24) . Since Drosophila is the first organism for which mutations have been obtained in both Ada2 genes, the question arose of whether functional differences between the two ADA2 proteins can also be seen in specific transcriptional activator-mediated processes. To address this issue, we chose genetic assays enabling us to follow alterations in the function of Dmp53, the tumor suppressor known to be involved in apoptosis induction in Drosophila (25) . The rationale for monitoring the Dmp53 function in an Ada2 mutant background was the previous detection of a Dmp53 interaction with ADA2b, but not with ADA2a, by coprecipitation and an in vitro pull-down assay (19) and the fact that hADA3, which participates in coactivator complexes together with ADA2s, is required for human p53 activity (42) .
Using an assay suitable for the detection of Dmp53-induced apoptosis in the eye, we found that the production of red eye pigment is significantly reduced in Ada2b heterozygotes, whereas it is not affected in Ada2a mutants. In accord with this, in Ada2b mutants we detected decreased mRNA levels of the rosy gene, and to a lesser extent, the scarlet gene, which are known to be involved in pigment formation/transport. However, this effect of Ada2b is independent of the Dmp53 status of the cells. Although these data did not establish a functional link between either ADA2a or -b and Dmp53, they do indicate that ADA2b, but not ADA2a, participates directly or indirectly in the transcription of these genes, pointing to another functional difference between the two ADA2 proteins. The observation that the effect of Ada2b on eye pigment formation was independent of the Dmp53 status of the cells did not argue against a functional link between ADA2b and Dmp53. It is possible that the assay we employed to detect dominant interactions was not sufficiently sensitive. Alternatively, since Dmp53 is assumed to have several proapoptotic targets (10, 11, 17) , it could be that the transcription of some of them is affected by Ada2b while that of others is not. Mutations of the two Ada2 genes had different effects on Dmp53-mediated processes, which we monitored with the well-established LOH test and by the detection of radiation-induced apoptosis in imaginal disks. The significant increase in the level of mwh clones in an Ada2b mutant background and the decrease in the number of cells undergoing apoptosis in the wing disks in the absence of Ada2b suggest that the ADA2b protein participates in some of the Dmp53 functions. In both tests, a reduced level or lack of ADA2b suppressed the Dmp53-mediated functions. In contrast, Ada2a mutation exerted an appreciably weaker effect on the number of apoptotic cells in the disks and did not display any effect in the LOH assay. To ascertain whether either Ada2 gene is involved in the activation of rpr, a proapoptotic target of Dmp53, we compared the extent of radiation induction of rpr mRNA by quantitative RT-PCR for wild-type and mutant Ada2 animals. The levels of rpr message induction-three-to fourfold-in the wild-type and Ada2b mutants were identical, while for Ada2a mutants we repeatedly did not detect rpr mRNA induction following irradiation. Although this result might at first seem surprising, in light of numerous data indicating that Dmp53 can induce apoptosis through proapoptotic factors other than rpr it can be interpreted as Ada2b being involved in pathways which do not include rpr. Qi et al. (30) recently reported the generation and analysis of Ada2b mutant alleles in Drosophila. Most of our results, such as the decreased levels of H3 acetylation and rpr induction in the absence of ADA2b, are in good agreement with their data. However, unlike us, they found that gamma irradiation led to an increase in the number of cells undergoing apoptosis in the disks of Ada2b animals. The explanation of the different results could lie in the conditions and techniques used to induce DNA damage. Most importantly, however, both we and Qi et al. (30) reached the conclusion that Ada2b plays a role in the DNA damage-induced Dmp53-dependent pathway. Our data additionally demonstrate that in this respect, and also as concerns many other functions that we tested in vivo, including eye pigment formation, H3 K14 and K9 acetylation, and TAF10 localization, ADA2b and ADA2a behave differently. The functional differences between the two homologous Drosophila ADA2 proteins described here on the basis of the (19, 24) . Thus, we believe that Ada2a and Ada2b mutants can serve as valuable new tools for the in vivo analysis of ADA2-containing complexes, which despite their structural and functional similarities, also exhibit noteworthy differences, particularly in higher eukaryotes.
